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SUMMARY 
An investigation was conducted t o  determine the hrgortance of 
molecular-scale processes in  the over-all. turbojet conibustion process. 
The effect  of o x y g e n  concentration of the   in le t  oxygen-nitrogen mixture 
on the canibustion efficiency of a single 533 combustor was determined 
for combustor-inlet pressures frm 12.0 t o  21.4 inches of mercury 
absolute and a range of fuel-flow rates. The combustor-inlet tempera- 
ture  and weight-flaw ra t e  of the  oxygen-nitrogen  mixture were held con- 
s t a n t   a t  40° F and 1.0 pound per second, respectively. A t t e m p t s  were 
made t o  correlate canibustion efficiency with selected fundamental com- 
bustion  properties and with  a  simplified  reaction-hetics  equation. 
At a  given  fuel-flow  rate, combustion efficiency  decreased a t  an 
increasing rate with reduction in oxygen concentration. For the pres- 
sures and oxygen concentrations tested, combustion efficiency decreased 
with a decrease in fuel-flow rate. A t  a given fuel-flow rate, combus- 
t i o n  efficiency  correlated with minFmum spark-ignition energy, flame 
speed, and a shrplified reaction-kinetics equation. A greater range of 
coldbustor-inlet conditions o r  other types of combustor t e s t  will be 
req-ed t o  distinguish the most significant correhtion. 
Research is  being conducted a t   t h e  NACA Lewis laboratory to fo r -  
mulate design parameters for  -roving the performance of turbojet 
canibustors. One of the important problems Fn combustor design is that 
of maintaining high combustion efficiency at alt i tude.  As shown Fn 
reference 1, both the low pressure and low tapera tu re  encountered a t  
a l t i tude  resu l t  in  reduced cao;ibustion efficiency- An explmation of 
this effect  in terms of basic processes is one of the goals of funda- 
mental combustion research. 
The conversion of fue l  and oxygen t o  end products in a  turbojet 
combustor i s  extremely complex, involving such gross and molecular- 
scale processes as evaporation of the fuel  spray, turbulent mixing, and 
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diffusion, ignition, and oxidation of the fuel.  If the rate of  one of 
these steps can be considered as controllbg  the  over-all  conversion 
rate, the problem of treating  the combustion process analytically i s  
considerably s iq l i f i ed .  I n  a theoretical analysis of the turboJet com- 
bustion process (reference 2 ) ,  the c o n t r o w  step was assumed t o  be - 
the chemical reaction (oxidation of the  fue l ) .  This anrzlysis resulted 
in  the PiTi/Vr parameter (where Pi, Tj, and "Vr are  the conibustor- 
i n l e t  pressure, temgerature, and reference velocity respectively), which 
has been used with varying Luccess to   cor re la te   the  conbustion efficiency 
of a number  of turbojet conibustors over their operating range. The 
encouraging results obtained i n  this investigation warrant further study 
of the ro le  of molecular-scale processes i n  the over-all  turbojet com- 
bustion mechanism. 
I n  view of the comglexity of the turbojet  conbustion process, a 
possible method of separating molecular-scale processes from grosser 
pu3-Lcal processes would be t o  compare the e f fec t  of selected  -variables 
both on combustion efficiency and on certain fundamental colribustion 
properties of premixed fuel-oxygen-nitrogen mixtures., Apy relations 
found m y  (1) indicate the kgortance of molecular-scale processes i n  
the turbojet  conbustion m e c h a n i s m  and (2)  suggest possible combustion 
mechanisms which can be treated  analytically.  
" 
The combustion efficiency of a ram-jet operating with premixed, 
vaporized fuel-air mixtmes has been  correlated with fundamental com- 
bustion properties (reference 3); but the problem in  a turbojet i s  much 
more d i f f icu l t ,  because comparisons cannot be made- a t  def ini te   fuel-air  
ra t ios .  While the typical  over-al l  fuel-air  ra t io  3 n  the turbojet  com- 
bustor is outside the lean flammability limit, the distribution of the 
t o t a l  air flaK can r e su l t  in  fuel-air r a t io s  near stoichiometric in 
various portions of' the conhustor. In  addi t ion ,  l i t t l e  i s  known of the 
effects  of turbulent mixing, fue l  atomization, and fuel evaporation on 
the  f ract ion of fuel  available  for  reaction. 
Investigations of gaseous fuel-oxygen-nitrogen mixtures have shown 
the marked effect  of oxygen concentration on minimum spark-ignition 
energy, quenching distance, and flame speed (reference 4) . Oxygen 
concentration appreciably affects equilibrium temgerature (stoichimetric 
or  r icher fuel-oxygen ra t ios )  and i s  therefore a meam of varying the 
kinetics term in  equations based on bimolecular chemical reactions. In 
conibustor tests,  variations i n  oxygen concedration should affect the 
r a t e  of conbustion without appreciably cmrigiag such factors as inlet 
velocity, turbulent mixFn@; as associated w i t h  i n l e t  conditions, and 
fuel-spray characteristics. Thus, oxygen concentration, as a combustor- 
inlet variable, offers a possible means of re la t ing cambustor performance 
character is t ics   to  fundamental combustion properties and of separating 
molecular-scale  processes -from grosser  physical  processes  associated 
with  inlet-  conditions. .. . .  . " . . .. - . .- . " . . . . "_ . . .  " - 
. .. 
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Accordingly, a prograq was conducted t o  determine the  effect  of 
oqygen concentration of the inlet oxygen-nitrogen mixture on the conibus- 
tion efficiency of a J33 single conibustor. !RE conibustor, instal led in 
the laboratory air and exhaust supply system, was operated over a range 
of inlet pressures (12 -0 t o  21.4 in. Hg absolute) and fuel-f lar ra tes  
(0.010 t o  0.0157 Ib/sec) . The oxygen concentration of the inlet oxygen- 
nitrogen mixture was varied from approximately 16 t o  48 volume percent 
by the introduction of metered quantities of pure oxygen or  nitrogen 
into the cadbustor-inlet a l r  system. The inlet temgerature and w e i g h t -  
flow rate of the oxygen-nitrogen e u r e  were held constant at  40'F 
and 1.0 pourid per second, respectively. Isooctane was used throughout 
the program, since considerable fundamental caibustion data were available 
f o r  this fue l .  Possible carrelations of conbustor data with fundamental 
conkustion properties (mfn-lmrrm spark-ignition energy, quenching distance, 
flame speed) a& a simplified reaction-kinetics equation are presented. 
The material presented i n  t h i s  report is part of a dissertation presented 
for  t h e  degree of Doctor of Engineering in   the  Yale School of Engineering. 
C o n b u s t o r .  - The single 533 cozbustclr instal la t ion is shown dia- 
gramnatically in figure l. The conbustor was connected t o  the laboratory 
system  which  provided  refrigerated air a t  -ao F, 48 inches of mercury 
absolute, and low-presstire altitude exhaust. The air flow and pressure 
in t he  conibustor w e r e  regulated by  remote-controlled  valvea  located 
upstream and downstream of the co&ustor. The inlet teqerature was 
controlled  by  valves  proportioning  the amount. of air passing through a 
steam-fed heat exchanger. The exhaust gases w e r e  cooled by means of a 
water spray  located upstream of the  exhaust  regulating valve. 
The shell, liner, and dome of a production-model J33 canibustor 
were med i n  the investigation. A conical diffuser was used a t   t h e  
cmbustor inlet; the cc&ustor outlet was attached  directly  to a 6-inch- 
diameter exhaust-instrumentation section. In order to  obtain fully 
developed fuel sprays a t  the low fuel-flow rates required in  t h i s  inves- 
tigation,  the standard nozzle was replaced with a hollow-cone nozzle 
having a 45O spray asgle and a nominal ra t ing of 10.5 gallons per hour. 
A sketch of the cc&ustor is shown in figure 2 .  
Oxygen-nitrogen supply system. - oxygen (or  nitrogen) was added t o  
the conkustor-inlet air from 1 2  cylinders manifolded as shown in  fig- 
ure 1. The gas-flow r a t e  was determined by measuring the pressure ~ 
and tpmnerature upstream of a calibrated critical-flow orifice.  To 
cover the range of flow rates required, two such orifices, having nominal 
diameters of 0.20 and 0.30 inches, w e r e  used. The pressure upstream of 
the critical-flaw orifices could  be mhtaiqed at any value between 
30 and 200 pounds per sqgare. i p c h  gage by means of a remote-controlled 
pressure regulator. The gas was brought i n t o  the air duct at a point 
approximately 12 feet upstream of the combustor i n l e t  through a spray 
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bar (see fig.  2) ooneisting of eight spokes, each having three 3/32-1nch 
holes pointed upstream and located a t  centers of equal  areas of the 
6-inch-diameter duct. A mixing section was installed downstream of the 
spray bar t o  enerrre complete mixing of the gas-alr mixture a t  the 
ccanbustor i n l e t .  
5 '  
Instrumentation- - Cross-sectional views of the ccaribustor instru- 
mentation stations are sham i n  figure 2 .  A t  each station, the instru- 
ments  were located at centers of equal  reas.  Deeig~ details of the cn 
total-pressure rakes and thermocouple rakes  are  presented i n  reference 5. 
E x h a u s t  thermocouples were arranged in a pezal le l  circuit t o  give an 
instantaneous average-temperature reading. This method has been found 
to   give average-temperature readings Which are accurate within the 
limits of the other instrumentation. Thermocouples w e r e  connected 
through multiple switches t o  a dual-range, se39-balancing potentiometer. 
The fuel-flaw rate was measured with a calibrated  rotmeter; fuel nozzle 
discharge pressure, n i t h  a calibrated Bourdon gage. A i r  flow was 
m e t e r e d  by a square-edged or i f ice  installed according t o  A.S .&E. spec- 
i f icat ions and located upstream of the inlet-air regulating valve 
cu 
co 
(0 
(fig. 1.1 
Procedure. - Colnbustion efficiency was measured over a range of 
conbustor-inlet pressures from 52.0 t o  21.4 inches of mercury absolute, 
inlet oxygen concentrations from approximately 16 t o  48 percent (by 
volume), and fuel-flow rates from 0.010 t o  0.0157 pound per second. 
The inlet temperature and w e i g h t - f l o w  rate of the oxygen-nitmgen 
mix tu re  w e r e  held constant a t  40' F and 1.0 pound per second, respec- 
t ively.  A.S.T.M. certified isooctane (purity 99.6 mole percent) was 
used throughout  thcps gram. . .  
Conibustion efficiency was computed in accordance with the  equations 
and charts given in reference 6. The enthalpy rise of the  oxygen- 
nitrogen mixture was computed from enthalpy values of oxygen and nitrogen 
tabulated in reference 7. The c&ustor reference velocities presented 
herein were ccrmputed from the maximum cross-sectional mea of the corn- 
bustor flow passage (0.267 sq f t )  , the inlet oxygen-nitrogen mFxture 
density, and the t o t a l  oxygen-nitrogen mixture f l o y r a t e .  No correc- 
tions for radiation, conduction, or stagnation effects on the thermo- 
couple readings were mde. 
. " 
REWILTS AID DISCUSSION 
Conibustor Tests 
- 
Reproducibility of data. - Throughout the t e s t  pro@;sam, kily 
checks on the  perfomnce of the canibustor were made a t  17.3 inches of 
mercury absolute, 0.0157 pound per second fuel-flow rate, and normal 
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air-oxygen concentratiod. The deviation i n  conibustion efficiency a t  
this operatiig condition is sham in  f igure  3. A possible upward drift 
in combustion efficiency with time is indicated, with a naximum spread 
in combustion efficiency of a p p r o r l t e l y  5 percent. !This variation 
may be due to slight w a g e  of the conibustor liner result ing from 
above-normal liner teslperatures which were reached  with  the high oxygen 
concentrations. These check data were  obtained a t  a c d u s t o r  operating 
cvndition of avwage severity far the range of inlet conditions covered. 
Greater day-to-day deviations might be expected at less favorable 
operating conditions. 
Conibustion-efficiency data. - The data obtained in the investigation 
of the  effect  of oxygen concentration on combustion efficiency  are 
presented in table I. In figure 4, conibustion efficiency is plotted 
against oxygen concentrati.on (volume percent) at  the various con&ustor- 
inlet pressures investigated. The effect  of oxygen concentration on 
conbustion efficiency was m o r e  pronounced a t  the lower values of oxygen 
concentration and conibustion efficiency. A t  approximately 2 1  percent 
oxygen (air) a 1-percent Increase in oxygen concentration increased 
combustion efficiency approximately 9 percent. A t  constant fuel-flow 
rate and oxygen concentration, conibustion efficiency increased with 
increase in i n l e t  air pressure. Comparison of the curves of f i v e  4 
indicates that, a t  constsnt inlet pressure and oxygen concentration, 
conibustion efficiency  increased  with an increase in fuel-f  low rate over 
the range of inlet conditions investigated. A slight increase in scat ter  
of the data i s  indicated a t  the lower fuel-flow rates. 
Correlation of D a t a  with Fundamental Combustion Properties 
In order t o  study the htportance of molecular-scale processes i n  
l h i t i n g  the completeness of c d u s t i o n  i n  the turbojet combustor, 
a t t q t s  w e r e  mde t o  correlate conibustion efficiency with fundamental 
conibustion properties of isooctane fuel. The fundamental conibustion 
properties considered Fn this investigation w e r e  minimm spark-ignition 
energy, quenching distance, and flame speed. 
Minimum spark-ignition energy. - M i n F r m u n  spark-ignition energies of 
isooctane-oxygen-nitrogen mhtures as a function of equivalence r a t io  
f o r  various pressures and oxygen-nitrogen mixtures were obtained fro= a 
commercial laboratory. The equivalence ratios in the reaction zone of 
the turbojet conibustor are not  known. Accordingly, a comparison of the 
effect  of pressure and oxygen concentration on minimum spark-ignition 
energy and conibustion efficiency was made using values of minimum 
- spark-ignition energy arbitrari ly  taken a t  the  quivalence ratios 
giving the lowest value of minlmum spark-ignition energy for each pres- 
sure and oxygen concentration. These values axe shown in table 11. 
- 
6 NACA RM E52F13 
horn cross plots of these data and the combustion-efficiency data of 
table  I, an approximate relat ion between co&pstion efficiency %, com- 
bustor  inlet.  pressure PI, and m i n i m u m  spark-ignition  energy Em w a s  
obtained  as shown in figure 5. W s  correlation .. . . is of the form 
. .  
( A l l  synibols are defined i n  appendix A.)  The exponent i n  the inlet 
pressure term, determined from the  data  for the 0 -.OX7 pound per second 
fuel-flow rate, represents an approximate average value of the slopes 
obtained  by  plotting minFmum spark-ignition  energy  against  burner-inlet 
pressure on logarithmic paper at various values of combustion e f f i -  
ciency. The sca t te r  in  the  c o r r e 3 - a t i o n " - ~ ~ e e a s e a - s o m e w ~ t  at the lower 
fuel-f low ' rates.  
The faired curves of figure 5 a re  cmibined in figure 6 t o  indhate 
the effect  of fuel-f low rate on the form af the correlation  curve. 
Similar trends are shown far a l l  fuel-flow rates. Conibustion efficiency 
increased with fuel-f low rate fo r  the range of inlet conditions 
investigated. 
Quenching distance. - The. quenching distance d and minimum .. 
spark-ignition  energy of isooctane-qygen-n&trogen- mixtures'  are : . 
approximately related by the expression E, = kdL mer a wide range 
of pressure ma m e n  concentration.. A similar Ge1attbn ex is t s  for. 
methane, ethane, and propane (reference 4) . Substitution of the pre- 
viously mentioned relation into equatiqn .{I) resul ts  i n  the following 
approximate relat ion between combustion efficiency,  burner- i n l e t  pres- 
sure, and quenching distance: 
. .  . . x  .. . .  .. . 
The change in low-pressure propagation limits with tube diameter 
fo r  various isooctane-oxygen-nitrogen mixtures- was investigated in ' "  
reference 8. Since the mininun tube diameter for  flame prqagation has 
been shown to be proportional t o  quenchin&distance. (reference 9), no 
attempt was made t o  use these data. In  a recent theoretical analysis . 
(reference 10) based on an  active-radical-diffusion mechanism, the pro- 
portionality constant is re la ted   to  changes in geometry o f t h e  test 
equipment. The relation between minltmum tube dlameter and coribustion 
efficiency would be of the same form as equation ( 2 ) .  
Flame speed. - The laminar flame  speeds of isooctane-oxygen- . 
nitrogen mixtures a t  atmospheric pressure and various equivalence ratios 
were determined i n  reference ll from schIj"en phlotographs of Bunsen- 
type  flames. For a range of initial mixture temperatures Ti from 
560° t o  760° R and for oxygen concentrations a from 2 1  t o  49.6 percent 
. .  
L 
" . 
" 
-- cn c\) 
(0 
(D 
. .. 
.. 
". . 
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(volume), an empirical  equation of the f ollawlng form was obtained, 
relating the combined effect  of these variables to the max-1~1~1 flame 
speed uf: 
Maximum flame speed is defined as the maxFmum point of the curve of 
flame speed against equivalence r a t i o  a t  a given temperature and oxygen 
concentration. 
The effect  of vaziation in pressure on the flame speeds of hydro- 
carbon fuel-air mixtures has not been defiaitely established. The 
effect ,  i f  any, is  small and appears t o  vary with fue l  type (refer- 
ences 1 2  t o  1 7 ) .  Gay-don and Wolfhard (reference 18) concluded that the 
flame speed of hydrocarbon fuel-air  mixtures is independent of pressure, 
provided that the apparatus dimensions are large enough t o  prevent sur- 
face effects frombecoming w o r t a n t .  The flame speeds of isooctane- 
oxygen-nitrogen mixtures were assumed t o  be independent of pressure i n  
the  present  investigation. 
Since flame speed is  one of the fundamental properties which can 
readily fit into a physical  picture of the conibustion process, an 
a t t q p t  was made t o  derive a combustion-efficiency parameter based on a 
fme-speed  m e c h a n i s m  ( a p p e  B) . me final equation presented in 
appendix €3 far conditions of constant inlet   tenperatwe and w e i g h t - f l o w  
rate of t he   fue l  and the oxygen-nitrogen mixture i s  
For a constant inlet temperature, assuming f k e  speed t o  be independent 
of pressure, the maxhum flame speed of isooctane-oxygen-nitrogen mix- 
tures is proportional to the term (a-E) of equation (3). Substituting 
this term i n  equation (3) gives the following relat ion between conkus- 
tion efficiency, inlet pressure, reference velocity, and oxygen con- 
centration: 
A s  shown in  f igure  7, the flame-speed parameter of equation (4) sat-  
isfactorily correlates the codustion-efficiency data of table I. The 
faired curves of figure 7 are combined i n  figure 8 and are shown t o  be 
similar fo r  each fuel-flow  rate. 
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&plication of Simplified  Reaction-Kinetics  Equation t o  Data 
In the analysis of reference 2, it is assumed that the step con- 
troll ing  the  over-all  conversion r a t e  of fuel i n  the turbojet  combustion 
process is the chemical reaction (oxidation of the fuel). The chemical 
reaction was considered t o  be governed by the  effective  coll ision  rate 
between two reactants A and B i n  one slowly occurring step i n  the oxi- 
dation  chain. In the  derivation of the PiTi/Vr parameter, the follow- N 
ing equation  relating combustion efficiency  to inlet variables and con- % 
ditions in the burning zone was obtained: co_ 
In  this equation I?, and NB are the concentrations of the two 
reactants, oA and uB m e  the molecular d i a t e r s  of the  two reactants, 
R i s  the gas constant, E i s  the  apparent  energy of activation, Tc i s  
the burning-zone  temgerature, and Q and E;3 are constants. Equa- 
t ion  (5) appliee for a given combustor, fuel, and fue l -a i r   ra t io  &en 
combustion occurs i n  zones where Na is less than NB. If the bwning- 
zone teruperature Tc is considered t o  be independent of changes in . 
conkustor-inlet conditions, the right side of the equation reduces t o  a 
constant times the Pi'Pi/Vr parameter. For the  case where  oxygen  con- 
centration is  a combustor-inlet v a r i a l e ,  Tc c m  no longer be considered 
constant. Variations i n  oxygen concentration result in appreciable 
changes i n  the flame teqerature of stoichiometric or r icher fuel-oxygen- 
nitrogen mixtures. In  the application of equation (3) t o  the data 
obtained in  the  present  investigation,  the burning-zone temgerature was 
arbitrssily taken as the stoichiometric  adiabatic  equilibrium tempera- 
ture, and the concentration of reactant B was considered proportional t o  
the oxygen concentration a of the conibustor-inlet. oxygen-nitrogen 
mixture. Under these conditions, the ratio €I& can be assumed con- 
stant, and equation (5) can be expressed i n  the form 
. .. 
where Teq i s  the stoichiometric adiabatic equilibrium temperature. 
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The application of equation ( 6 )  t o  the data of table I fs sham in  
figure 9. The equilibrium tenqeratures a t  the various ca.&uEltor-inlet 
pressures and oxygen concentrations were computed by the methods and 
charts of reference 19. It was found that, f o r  an activation energy of 
approximately 37,000 calories  per @;ram mole, the data were sa t i s fac tor i ly  
correlated. (This value is  Fn reasonable agreement with the apparent 
activation energy of 32,000 caloriea  per gram mole obtained f r o m  m a -  
ba t ic  campression data for isooctane-air mixtures (reference 4). In 
reference 20, a value of 40,000 calories per @;ram mole was used in  the 
application of a thermal theory of flame propagation t o  the flame speeds 
of a nuniber of hydrocarbons. In  the application of the Semenov thermal- 
theory flanie-propagation eqmtion (reference 21) t o   t he  flame-speed data 
of isooctane-oxygen-nitrogen mixtures, reference ll found that the value 
of 40,000 gave closer agreement between experimental and predicted flame 
speeds than did the 32,000 value.) In  figure 10, the faired curves of 
f igure 9 are conhhed t o  show the change Fn the form of the correlation 
curve with change in fuel-f la7 rate. 
Equation ( 6 )  was applied to the case of constant fuel-oxygen- 
nitrogen  mixture  ratio  by  correlating  the  effect of pressure and owgen 
concentration at  constant fuel-flow rate. For the case of constant 
fuel-oxygen rat io ,  a slightly  higher value of apparent activation energy 
would be  required t o  correlate  the data. 
The correlation of conibustion-efficiency data for  conibustors f o l -  
lawing normal operating  conditions  will  not  be  appreciably  affected if 
equation (6) i s  used in place of the PiTi/Vr parameter, w h i c h  was 
obtained by assuming reaction-zone temperature t o  be constant with inlet 
-E&- 
conditions. while the kinetics term e can be appreciably 3/2 
l eq  ' 
affected by T, typical changes i n  combustor-inlet pressure and tem- 
perature result'in relatively small percentage changes i n  T ,~ .  
General  Discussion 
Over the range of inlet conditions investigated, correlations of 
combustion efficiency w e r e  obtained with certain fundamental conbustion 
properties - minimum spark-ignition energy, quenching distance, flame 
speed - and with a simplified reaction-kinetics equation. In general, 
the fundanental co;aibustion properties of hydrocarbon fuels axe inter- 
related (reference 4). Consequently, correlation of the combustor data 
with all of these  properties would be expected if a correlation were 
obtained with any one of the properties. The flame-speed parameter 
predicts.a  relation between inlet   pressure and velocity w h i c h  is  
appreciably  different from that of the second-order reaction-equation 
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pmameter. Since pressure and velocity were not varied independently, it 
was not possible t o  distinguish the significant correlation. Additional 
tests involving independent variations of cornbustor-inlet pressure, tem- 
perature, and velocity w i l l .  be required  to  determine the  applicabili ty of 
the pammeters used in the present investigation. 
The correlatiom do not take into consideration fuel-spray effects. 
As seen in figures 5, 7, and 9,  - the data scatter as the correlatione 
increased w i t h  decreased fuel-flow.rate. Paz+of this increase can be 
attr ibuted  to the  increase 3s sca t te r  of the  basic  data shown in f ig-  co 
u r e  4. Increase in re la t ive  importance of the fuel-spray vaporization 
time, result ing from increaee jn mem drop diameter at the lower fuel-  
flow rates,  may also be a contributing factor-. Since fuel vaporizatim 
time should be  affected  by changes i n  primq-zone  temperature w i t h  
oxygen concentration, an increase ' in the   scat ter  of the  correlations m i g h t  
be expected at the lower fuel-flow rates. 
. .m 
UI co 
The data obtained in this investigation indicate the magnitude of 
the effect  of reduction i n  conibmtor-inlet oxygen concentration on com- 
bustion  efficiency when combustor-inlet air  temgerature is raised by the 
addition of preheater exhaust gases. For a 200 F temperature rise across 
the preheater, the oxygen concentration would be reduced to  approximately 
20 percent (volume). A t  high confbustion efficiezicies, the effect  would - 
be Small; however, at moderate t o  severe operating conditions, combustion 
efficiency may be reduced approximately 10 percent; ass&@; the e f fec t  
of oxygen concentration t o  be the same as obtained in this investigation. 
The beneficial  effect of increase in canbustor-inlet temperature on com- 
bustion  efficiency would therefore  tend  to  be  offset by t h e  reduction in 
oxygen concentration. The data may also indicate trends t o  be expected 
i n  turbojet  engine afterburners where oxygen concentrations have been 
reduced considerably ( t o  approximately 16 percent). by the primary cmbus- 
to rs  . 
In 811 Fnvestigation t o  determine the effects of oxygen concentration 
of the in le t  oxygen-nitrogen m i x t u r e  on the combustion efficiency of a 
single 533 combustor the follciwing resu l t s  were' obtained: 
" 
1. A t  a given fuel-flow rate, combm'tion efficiency decreased with 
reduction in oxygen. cancentratian; the rate of decrease in combustion 
efficiency increased w i t h  a de-crease in  oxygen concentration. ' 
2.  A t  a g.lven fuel-flow rate, the cambustion efficiency could be - 
correlated w i t h  (a) minimum spaxk-ignition .energy, (b) flame speed, or " -  
(c) a simplified reaction-kinetics equation. A greater range of inlet" 
conditions or other types of canibustor test w i l l .  be required to dia- . . 
tinguish the most significant correlation. 
.. . . 
- . -. 
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3. Combustion efficiency  decreased  with a decrease in  fuel-flow rate 
over the range of pressures and  oxygen concentrations investigated. I?o 
attempt w a s  made t o  correlate fuel-sprq characteristics  with cmibustion 
efficiency . 
4. The cwibustion efficiency of turbojet afterburners and 
t o r s  supplied  with air heated  by  the addition of exhaust gases 
substantially reduced by the  decreased oxygen concentration. 
Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 
National Advisory C o m m i t t e e  for Aeronautics 
of CODibUs- 
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SYMBOLS 
The following  symbols  are  used in this  report :
total flame-surface mea in ccrmbustor 
flame-surface  area  per  unit  volume 
initial flame surface per unit volume 
conibustor  reference  cross-sectional  area 
dimension of  combustor 
quenching  distance 
energy of activation 
mFnirmun spmk- iwit ion  energy 
over-all  fuel-oxygen-nitrogen  mixture  ratio 
fuel-qygen-nitrogen  mixture  ratio  of  unburned  mixture 
proportionality  constant 
moleculaz  weight of oxy-gen-nitrogen  mixture 
molecular  weight of fuel 
concentration of reactant A 
concentration of reactant B 
pressure af unburned  mixture 
combustor-inlet  pressure 
Prardtl nTmiber 
gas constant 
Reynolds  number 
burning-zone  temperature 
" " " . 
. .  
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. 
stoichiometric adiabatic equilibrium temgerature 
temperature of unburned mixture 
conibustor-inlet temperature 
maximum flame speed 
t o t a l  combustor volume 
reference  velocity,  based on 4. asd pa 
weight-flow ra t e  of i n l e t  oxygen-nitrogen mixture 
weight-flaw ra te  of fue l  
oxygen concentration 
c&ustion  efficiency 
W e t  density 
weight of fuel  per unit volume of unburned mixture 
molecular diameter of reactant A 
molecular diameter of reactant B 
. 
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DERIVATION OF F " E - S P E E D  CO€lBLATING PAFLAMETER 
The cambustion process was visualized as the burning of fuel-oxygen- 
nitrogen mixture zone6 of randcgn size and- shape which me  surrounded by 
a flame surface and which are consumed as they pass through the cmbustor. 
The temperature and fuel-oxygen-nitrogen mixture r a t i o  of all unburned .. . 
zones are considered t o  have the same value: The flame surface advances 
into  the  adjacent unburned mixture a t  a ra te  determined by the  physical 
conditions of the unburned mixture. The effect  of turbulence .on ra%. of 
combustion is considered in terms of its effect  on the flame surface &rea. 
This picture of the turbojet canibustion-process w a s  suggested by the . 
analysis of Wohlenberg (reference 22) , in w h i c h  the concept of reaction 
interface extension was introduced in  a detailed study of the combined 
effects of diffusion and chemical reaction in  gaseous fue l  combustion.. 
- 
- - .. 
" 
E! 
Lo 
. " . 
" 
.- 
J-  - ." 
' If the preceding figure represents conditions in the combustor a t  a 
glven instant of time, the com&ustion efficiency $ c& be expressed by 
. . - ." 
. . -. . __ - 
the  relation . . - - . .  
where pm is  the fuel per unit volume of the unburned mixture, Ap i s  
the total flame-surface area in the combustor at the *%ant considered, 
and I+ is  the f l a e  speed as determine-d-by- the - - physical . . "  - conditione .of 
the unburned mfxture. The numerator represents the p o n d s  of fuel  burnea 
per unit time in  the combustor; the denominator Wf,  the pounds of fue l  
supplied  per unit time t o  the combustor. . 
. .. . . - - 
." " 
. . .  . . . . ,  . .. " - .: . .. 
If f is the over-all  fuel-oxygen-nitrogen -mixture . . ra t io ,  W, and .. 
pa are the w e i g h t - f l a w  r a t e  and density of the W e t  axygen-nitrogen 
mixture, respectively, and Vr is the reference velocity based on the 
combustor reference cross-sectional area -4, then 
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It may be shown tha t  
where  and are  the qoleculazweights of the oxygen-nitrogen m i x -  
ture and fuel, respectively; R is the gas constmtj and fm, PmJ md 
% are the fuel-oxygen-nitrogen m l x t u r e  r a t i o ,  pressure, and temperature 
of the unburned mixture, respectively. Since the tern i n  the brackets is 
very close to   uni ty  
For a low pressure drop across the combustor, Pm may be considered 
t o  equal the conibustor inlet pressure PI. Also, if the effects of 
radiant  heat  ransfer are neglected, can  be considered  constant along 
the conibustor. ~n the case of the turbojet combu&mr, in which fue l  is 
vaporized and mixed w i t h  a i r  in the primary zone, & mw be much higher 
than Ti. Assuming that Tm is proportional to Ti, the  relationship 
pfm becomes 
where Q is the proportionality constant relating cabustor-inlet tem- 
perature  to the. temperature of the unburned mixture in the reaction zone. 
When equations (B2) and (Bd) are suibstituted in equation (Bl) , the 
expression f o r  combustion efficiency becomes 
The t o t &  flame-surface area Ap represents an integration of the 
flame-surface area per unit yolume A p t  over the total  combustor volume 
Vc . The  mean value of +' at  any point in  the combustion path w i l l  be 
a function of +' a t  the start of the combustion path and the change in  
16 - NACA RM E5ZF13 
as combwtion progresses. In the absence of additimal sources of 
turbulence along the combustor, the change in 4' can be associated 
w i t h  (a) the tendency of the initial turbulence t o  decay with time, 
(b) the change in turbulence acccmpan~g the energy releaee along the  
oombustor, and (c) the change i n  volune of the unburned mixture. The lat- 
t e r  two factors should account for the maJor change i n  flame-surface area 
along the ccmibustor. For a given fuel,  the energy released is propor- 
t i ona l   t o   t he  over-all fue l -a i r   ra t io  and the change in  c d w t i o n  effi- 
ciency along the combustor length. The fract ional  volume occupied  by  the 8 
unburned m t x t u r e  is a function of the over-all fuel-air   ra t io ,  combustion 
efficiency, and inlet temperature. Accordingly, it is possible that 4 
c&n be expressed in the form 
u) 
where Afil is  the initial flame-surf ace  mea  per unit volume  of corn- .. 
bustor reaction zone, and CP(f,$,!l?i) accounts for  the effect  of energy- 
release r a t e  and reduction in  volume of the unburned m i x t u r e  on 4. The - 
area +.if w i l l  be a function of the over-all fuel-air r a t i o  and of the  
cambustor  geometry  and inlet aerodynsmics. As shown in reference 22, I 
&it, as affected by canibustor-inlet density alone, is proportional to 
l?t/~:/3. The axe8 hi1 is a measure of the average  hydraulic radiUs 
of the unburned-mixture zones, or the average distance through which the 
flame must t r ave l  t o  complete the ccaribustion process. As suggested Sn 
reference 22, a dimensional analysis relatin@; Afi* t o  conbustor-inlet 
conditions would involve such dimensionless groups as Reynolds and 
Prandt l  numbers. E it is  assumed that 
i) 
Jn these  expressions, K i s  a constant and D is a c-acteristic 
dimension of the combustor. Substitution  for 4 Fn equation (B5) gives 
3R 
a a m cu 
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For the conibuetor data obtained in  the present investigation, in 
which combustor-inlet temperature and weight-flaw rate of the inlet oxygen- 
nitrogen m i x t u r e  and fuel w e r e  held constant, equation (B8) reduces t o  
if the  sl ight change in Reynolds number resulting from the change in  
viscosity of the inlet mixture with oxygen concentration is neglected. 
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296 
517 
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n . 4  
32.1 
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71.5 
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28.6 
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69.6 
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71.9 
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30.0 
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82.8 
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Pressure 
(in. Hg abs) 
29.92 
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29.92 
29.92 
29  .92 
29.92 
22.44 
22.44 
22.44 
22.44 
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7.48 
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aVa3ues taken from minirmrm poFnts of curves of m h b m m  spaxk- 
i-ition energy against equivalence ratfo at vsrious pressures 
and oxygen concentrations. Data obtained from a commercial. 
laboratory. 
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'Figure 3. - Reproducibiilty of cmbuation eff lc lency ab check point .  CombustoF-inlet premure, 17.3 lnches of 
: mercury absolute1 nominal fuel-flow  rate,  0.0157 pcund per secmd; oxygen cancentretion, 20.9 percent by 
volume; oxygen-nitrogen-mixture flow rate, 1.0 pomd 'per second. 9 e 
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Oxygen in inlet  oxygen-nitrogen mixture, percent by volume 
(a) Nominal fuel-fluw rate, 0.0151 pound per second. 
F i g m e  4. - Effect of oxygen  concentration of inlet  oxygen-nitrogen mixture 
on combustion efficiency of a single 533 combustor  over a range of inlet 
pressures and fuel-flow rates.  Combustor  inlet  temperature, 40° F3 oxygen- 
nitrogen  mixture flow rate, 1.0 pound per  second. 
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90 
Oxygen in inlet  oxygen-nltrogen  mixture,  gercent by volume 
(b) Nominal fuel-flow  rate, 0.014 pound per  second. 
Figure 4. - Continued.  Effect of oxygen  concentration of i n l e t  oxygen-nitrogen mix- 
ture  on  combustion  efficiency of a sfngle 533 combustor  over a range of inlet  pres- 
sures and fuel-flow rates.  Combustor  inlet  temperature, 40° F; oxygen-nitrogen 
mixture flov rate, 1.0 pound per second. 
29 
n n 
J 
3 
(c)  Nominal fuel-flow rate, 0.012 pound per second. 
F&ure 4. - Continued. Effect of oxygen concentration of inlet oxygen-nitrogen mix- 
ture on combustion effbiency of a single 535 combustor over a range of inlet pres- 
s u m s  and fuel-flow rates. Combwtor inlet temperature, 40' F; oxygen-nLtrogen 
miclJture flow rete, 1.0 pound per second. 
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30 NACA RM E52Fl-3 
(a) ~ o m i ~  fuel-flov rate,  pound per second. 
Figure 4. - Concluded. EPfect of oxygen cotlrHrtration of inlet oxygen-nitrogen mix- 
ture on combustion efficiency of a single 533 combustor over a range of inlet p e s -  
smes and fuel-flow rates. Combustor inlet temperature!, 40° Fj oxygen-nitrogen 
mixture flow.rate, 1.0 pound  per second. 
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(a) plominal fuel-flov rate, 0.0157 p o d  per second. 
Figure 5. - Correlation of combustion efficiency of a s i n g l e  J33 ccdbuator with a function 
of minimum spark-ignieiw energy and combustor-inlet  pressure. 
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pi2/% 
(b) lkdnal. -1-flow rate ,  0.014 paund per second. 
Figure 5. - Coutirmed. ' Correlation of ccmnbustion efficiency of a single X53 combustor Kith 
a function of minimum spark-ignition energy and combustor-Fnlet peesure. 
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Figure 5. - Contirmed.  Correlation of combustion efficiency of a single 533 combustor with a 
function of mlnlmua spark-ignition  energy and combustor-inlet pressure. w w 
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(a) ~IUIUKL fuel-flaw rate, 0.010 pound per eecona. 
Figure 5. - Concluded. Correlation of combustion efficiency of a s ing le  Xi5 combustor xith a 
function of minhum 6pt-k-ignition energy an8 com'bustor-inlet preesure. 
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(a) Aomins l  fuel-flow rate, 0.03.57 pound per second. 
Figure 7. - Correlation of combu6tlon efficiency of a single 533 cambustor with f m -  
speed parameter. 
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(b) N o m i n a l  fuel-flow rate, 0.014 pound per second. 
Figure 7. - Continued. Correlation of c d u s t i o n  efficiency of a single J33 combustor with fJame- 
speed parameter, 
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(a) m-1 fuel-flow rate, 0.010 pound per second. 
Figure 7. - Concluded. Correlation of combustion efficiency of a single 533 combustor with flaw- 
speed parameter. 
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Figure 8. - Fffect of fuel-flow rate on form of correlation curveB. Correlation of conbustion 
efficiency with flame-epeed parameter. 
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(a) Nominal fuel-flow rate, 0.0157 pound per second. 
Figure 9. - Correlation of conibustion efficiency of a single 533 
conibustor with semnd-order reaction-equation  parameter. 
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(b) Mominal fuel-flow rate, 0.014 pound per second. 
Figure 9. - Continued. Correlation of combustion efficiency af a single J33 
ccnibustor with second-order reaction-eqmtion parameter. 
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(c) NomLnal fuel-flarr rate, 0.012 pound per second. 
Figure 9. - Continued.  Correlation rrf -cambustion  efficiency of a single 533 combustor 
dth second-order  reaction-equation  parameter. 
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